During winter evergreens maintain a sustained form of thermal energy dissipation that results in reduced photochemical efficiency measured using the chlorophyll fluorescence parameter F v /F m . Eastern white pine (Pinus strobus L.) and white spruce [Picea glauca (Moench) Voss] have been shown to differ in their rate of recovery of F v /F m from winter stress. The goal of this study was to monitor changes in photosynthetic protein abundance and phosphorylation status during winter recovery that accompany these functional changes. An additional goal was to determine whether light-dependent changes in light harvesting complex II (LHCII) phosphorylation occur during winter conditions. We used a combination of field measurements and recovery experiments to monitor chlorophyll fluorescence and photosynthetic protein content and phosphorylation status. We found that pine recovered three times more slowly than spruce, and that the kinetics of recovery in spruce included a rapid and slow component, while in pine there was only a rapid component to recovery. Both species retained relatively high amounts of the light harvesting protein Lhcb5 (CP26) and the PsbS protein during winter, suggesting a role for these proteins in sustained thermal dissipation. Both species maintained high phosphorylation of LHCII and the D1 protein in darkness during winter. Pine and spruce differed in the kinetics of the dephosphorylation of LHCII and D1 upon warming, suggesting the rate of dephosphorylation of LHCII and D1 may be important in the rapid component of recovery from winter stress. Finally, we demonstrated that light-dependent changes in LHII phosphorylation do not continue to occur on subzero winter days and that needles are maintained in a phosphorylation pattern consistent with the high light conditions to which those needles are exposed. Our results suggest a role for retained phosphorylation of both LHCII and D1 in maintenance of the photosynthetic machinery in a winter conformation that maximizes thermal energy dissipation.
Introduction
Evergreens growing in temperate climates must cope with low temperatures that are unfavorable for photosynthesis while still in conditions of exposure to potentially high light levels. This results in an imbalance in light absorption and its utilization via photochemistry, and therefore requires mechanisms for photoprotection. A critical mechanism for coping with excess light during overwintering conditions is the increased use of xanthophyll-associated thermal energy dissipation (Öquist and Huner 2003 , Adams et al. 2004 , Verhoeven 2014 . In non-stressful conditions, thermal energy dissipation is regulated dynamically, allowing for a balance between optimization of photosynthesis in light-limiting conditions and protection of the photosynthetic apparatus when light is excessive (Demmig- Adams 2006, Demmig-Adams et al. 2012) . This process requires the inter-conversion of xanthophyll cycle pigments (violaxanthin, antheraxanthin and zeaxanthin, VAZ), a ΔpH across the thylakoid membrane, as well as the protein PsbS (Müller et al. 2001, Demmig-Adams and Adams 2006) , which together facilitate the engagement and disengagement of thermal energy dissipation in response to excessive light. This thermal dissipation can be measured as nonphotochemical quenching (NPQ) of chlorophyll fluorescence. In contrast, during subzero winter conditions the process of thermal energy dissipation is transformed such that it is sustained regardless of light environment, thus providing continuous photoprotection in conditions that preclude photosynthetic carbon gain (Adams et al. 2004 , Verhoeven 2014 . Sustained thermal energy dissipation results in dramatic reductions in maximal photochemical efficiency, often measured using the chlorophyll fluorescence parameter F v /F m .
There are two forms of sustained dissipation that occur during winter conditions, which are characterized based on the kinetics of reversal upon warming; a rapidly reversible component that occurs within minutes to hours, and a second slowly reversible component that occurs over the timescale of days (Verhoeven 2014) . The relative amount of each type of sustained dissipation that occurs during winter stress varies depending upon the light environment and the severity of winter conditions (Verhoeven 2013 (Verhoeven , 2014 . Additionally, the kinetics of recovery of F v /F m from winter stress varies significantly among species, with pine generally showing a slower spring recovery compared with other conifers (Monson et al. 2005 , Verhoeven et al. 2009 , Verhoeven 2013 , Linkosalo et al. 2014 .
The rapidly reversible component of sustained dissipation is only engaged when temperatures are below 0°C, and has been hypothesized to be engaged and disengaged as a function of extracellular freezing and thawing of water within needle tissue, resulting in a desiccation-associated form of sustained dissipation on cold winter days (Garcia-Plazaola et al. 2012 , Verhoeven 2013 , 2014 . This component of sustained dissipation has been observed to make up a larger fraction of sustained thermal dissipation in early winter, as well as to occur more in shaded relative to sun-exposed needles (Verhoeven et al. 1998 , Verhoeven 2013 .
The slowly reversible component of sustained dissipation is retained on both cold and warmer winter days and comprises a larger fraction of the total sustained dissipation in needles exposed to higher light intensities and in severe winter conditions (Verhoeven et al. 1998 , Verhoeven 2013 . This form of sustained dissipation is suggested to involve a reorganization of the photosynthetic apparatus, associated with winter acclimation, such that the photosystems are optimized for photoprotection (Öquist and Huner 2003 , Adams et al. 2004 , Verhoeven 2014 . Studies examining changes in abundance of photosynthetic proteins during winter conditions have consistently demonstrated reductions in the photosystem II (PSII) core protein D1, and increases in the early light-induced protein (ELIP), with variation in changes in other photosynthetic proteins being reported depending upon species and winter conditions (Ottander et al. 1995 , Ensminger et al. 2004 , Zarter et al. 2006a , 2006b , Busch et al. 2007 , Verhoeven et al. 2009 ).
In addition to thermal energy dissipation, changes in thylakoid protein phosphorylation status are involved in the regulation and use of absorbed light via at least two mechanisms. The phosphorylation of PSII core proteins is thought to serve a critical role in signaling protein damage of the D1 protein, and thus facilitating the PSII repair cycle, while the reversible phosphorylation of the major light harvesting antenna (LHCII) results in state transitions (Tikkanen et al. 2008, Tikkanen and Aro 2012) . State transitions involve a light dependent redistribution of LHCII between PSII and PSI, with LHCII associating more with PSI in its phosphorylated form while it associates with PSII in its dephosphorylated form (Bennet 1991 , Allen 1992 . State transitions are thought to optimize the excitation pressure distribution between the photosystems in response to varying light conditions (Dietzel et al. 2008 , Kargul and Barber 2008 , Tikkanen and Aro 2012 , Goldschmidt-Clermont and Bassi 2015 . Studies examining the light-dependent nature of reversible thylakoid protein phosphorylation have demonstrated that LHCII is typically not phosphorylated in darkness, is maximally phosphorylated in low light conditions and becomes dephosphorylated in high light conditions, while the PSII core proteins show increasing phosphorylation in high light conditions (Rintamäki et al. 1997 , 2000 , Pursiheimo et al. 2003 . A study examining light dependent changes in LCHII phosphorylation in gymnosperms found that both eastern white pine and white spruce followed typical LHCII phosphorylation patterns in the dark and low light, however spruce maintained relatively high phosphorylation of LHCII in high light conditions, suggesting that there is some variation among species in the regulation of LCHII dephosphorylation (Verhoeven et al. 2016) . Currently little is known about the occurrence of light-dependent state transitions during winter conditions, while a role for sustained phosphorylation of the D1 protein during winter stress has been suggested (Ebbert et al. 2005) .
The goals of this study were to characterize the kinetics of recovery, as well as to monitor changes in photosynthetic protein abundance and phosphorylation status, in two species of conifer that are known to have differences in recovery time: eastern white pine (Pinus strobus L.) and white spruce [Picea glauca (Moench) Voss]. We were interested in determining whether there are differences between species in photosynthetic protein abundance or phosphorylation status that occur during recovery that might correlate with the observed differences in recovery rate, in addition to monitoring overall changes as the photosynthetic machinery reverses the processes of sustained thermal dissipation. We also assessed whether there were changes in the kinetics of recovery in these species over the course of the Tree Physiology Volume 37, 2017 winter, and whether the observed differences in recovery in artificial warming experiments in the lab reflect actual differences occurring in spring recovery in the field. Finally, an additional goal was to determine whether changes in LHCII phosphorylation, in response to changing light environments, occur on cold winter days.
Materials and methods

Plant material and sampling
Three mature trees of eastern white pine (P. strobus) and white spruce (P. glauca), located on or around the campus of the University of St Thomas in St Paul, MN (44°59′40′N, 93°05′ 35′W), were chosen for analysis. All trees encountered full sun exposure for at least half of the daylight hours. Recovery studies were performed during January through April 2013, for measurements of kinetics and protein abundance, and again in January 2015 for measurements of protein phosphorylation status. On the dates of sampling initial measurements were collected after at least 2 h of darkness on intact needles in the field. Measurements of needle temperature and chlorophyll fluorescence were collected and needle tissue was cut and frozen in liquid nitrogen for thylakoid analysis. Branches were then cut, placed in plastic bags and returned to the laboratory for recovery analysis (see below). Recovery experiments were performed on the following dates in 2013 with the maximum/minimum temperatures on that date indicated ( Figure 1) ; 23 January (−8.3, −20.5°C), 21 February (−6.1, −14.4°C), 13 March (0.5, −9.4°C) and 10 April (3.9, −1.1°C). F v /F m was monitored in the field on additional dates to monitor spring recovery [20 March (−6.1, −13.9°C), 5 April (7.2, −2.2°C) and 24 April (10.6, −2.2°C)]. A second set of recovery experiments was performed on 12 January 2015 when air temperature was −19.4°C at the time of sampling, in order to assess changes in protein phosphorylation status during recovery, as described below.
For the experiment monitoring light-dependent changes in thylakoid protein phosphorylation in summer and winter, additional field measurements were conducted at different times of day, and therefore at different light exposures, on 17 January 2014 and on 16-17 September 2014 on clear days with full sun. Dark measurements were conducted after at least 2 h of dark acclimation, high light measurements were conducted between 11:00 and 13:00h and low light measurements were conducted between 16:00 and 17:00h in January, and between 17:30 and 18:30h in September, when no direct sunlight was on the needles. Temperature, light and chlorophyll fluorescence were assessed at the time of sampling, and needle tissue was frozen directly into liquid nitrogen for later analysis.
Chlorophyll fluorescence
Fluorescence measurements were taken using a field portable Fluorescence Monitoring System on three sets of needles per branch (FMS, Hansatech, King's Lynn, UK). Values for F v /F m were measured after at least 2 h of dark acclimation and ΦPSII [(F m ′ -F)/F m ′] was determined for samples exposed to light (Genty et al. 1989 ).
Protein recovery experiments
After taking initial measurements in the field, one branch per tree was cut and taken into the lab where stems were re-cut under water and stored in 1 l containers with water throughout the recovery period. The temperature of the indoor conditions was maintained at~20°C. Light conditions were maintained between 5 and 10 μmol photons m −2 s −1 for 24 h per day for up to 6 days Huner 1991, Hurry and Huner 1992) . Samples were collected periodically throughout the recovery period, as indicated in individual experiments.
Isolation of thylakoids, SDS-PAGE and immunoblotting
Thylakoids were isolated from frozen needle tissue as described in Verhoeven et al. (2009) . Protein concentration of thylakoids was determined by the Bio-Rad Protein assay and chlorophyll concentration was determined as described by Porra et al. (1989) . Proteins were separated via SDS-PAGE and western blotting was conducted as described in Verhoeven et al. (2009) . For the studies examining changes in thylakoid protein abundance, samples were loaded on an equal protein basis (20 μg protein per lane), and run on standard 12% gels. Proteins were transferred to PVDF membranes (Immobilon-P, Millipore, Fisher Scientific, Pittsburgh, PA, USA) and probed with monospecific antibodies for Lhcb1, 2, 4, 5, Lhca1, 2, 4, D1, PsaD and PsbS (AgriSera,Vannas, Sweden). For studies examining changes in the phosphorylation status of thylakoid proteins, samples were solubilized in the presence of 6 M urea and separated on 15% gels containing 6 M urea (Rintamäki et al. 1997 , Tree Physiology Online at http://www.treephys.oxfordjournals.org Bergo et al. 2002) . Transferred proteins were probed with rabbit anti-phosphothreonine (Cell Signaling Technology, Danvers, MA, USA). Secondary antibodies were goat anti-rabbit IgG conjugated to horseradish peroxidase (Sigma-Aldrich, St Louis, MO, USA). Antibodies were detected using chemiluminescence (RPN2109, GE Healthcare, Pittsburgh, PA, USA) followed by exposure of the membrane to film (Kodak BioMax light film, Sigma-Aldrich). Band intensity was quantified using ImageJ (NIH, Bethesda, MD, USA). Band intensity was converted to percent recovery, with the highest intensity in the time series equaling 100%.
Statistical analysis
In order to determine if a rapid component of recovery occurred in pine or spruce an analysis of variance (ANOVA) was used to test for significant differences between F v /F m at time 0 and after 1 h of recovery using R version 3.3.1 followed by pairwise comparisons of all means by the Tukey Kramer HSD comparison using the agricolae package version 1.2-4. In order to assess the half recovery time, recovery curves were fitted to semi-log data (time on a log scale) using the software package Graphpad Prism. A four-parameter logistic curve was fit to the data following Proctor (2010) and as described in Verhoeven (2013) . A Student's t-test was used to determine significant differences in the half recovery time between species using R version 3.3.1 (R Development Core Team 2016). To test for significant differences in F v /F m and protein abundance during January recovery, both between species and over time, a two-way repeated measures ANOVA was conducted followed by pairwise comparisons of all means by the Tukey Kramer HSD comparison (JMP Statistical Software, SAS, Carey, NC, USA).
Results
Winter recovery experiments
Fluorescence recovery kinetics were monitored on artificially warmed branches in the laboratory in mid-winter in January of 2013, and also on several dates throughout the recovery period into April (Figure 1 ). Recovery kinetics from 23 January are depicted in Figure 2A . Initial F v /F m values, collected in the field after 2 h dark acclimation, were typical for winter stressed conifers and were lower in pine (0.06) compared with spruce (0.17, Figure 2A ). Spruce needles showed a rapid component to recovery that occurred upon initial warming, with an increase in F v /F m after 1 h of warming from 0.17 to 0.28 (paired t-test P < 0.05), whereas pine needles showed no change in F v /F m upon initial warming. The overall kinetics of recovery were more rapid in spruce than pine ( Figure 2A ). A calculation of the half-time to recovery, based on analysis of the recovery curves fitted to semi-log data (Proctor 2010 , Verhoeven 2013 , showed that spruce recovers significantly faster than pine (P < 0.001), with half recovery time for spruce of around 25 h while for pine the value was close to 80 h ( Figure 2B ). Recovery kinetics were monitored on several dates throughout spring and the half recovery time stayed fairly consistent for both species through March.
Values for dark-acclimated F v /F m were monitored in the field during spring recovery and demonstrated that spruce recovered Data are averages ± SD from branches from three trees.
Tree Physiology Volume 37, 2017 earlier in the spring, relative to pine, consistent with the laboratory results ( Figure 2C ). Both species retained low values of F v /F m on 20 March, but by 5 April spruce had recovered to an average value of 0.63, while pine was at 0.12. Both species had recovered to unstressed values by 24 April, which was prior to needle emergence in both species at this location.
Changes in photosynthetic protein abundance throughout recovery
Changes in the abundance of photosynthetic proteins, throughout the recovery period, were monitored during the January 2013 recovery experiment (Figure 3 , see also Figure S1 for images of western blots available as Supplementary Data at Tree Physiology Online). Repeated measures ANOVAs were conducted to determine whether there was a significant change in protein abundance over time during recovery, as well as whether there were differences between species in the relative abundance of the proteins during recovery (Table 1) .
Changes in the abundance of the photosystems were assessed via monitoring levels of the D1 protein for PSII and the PsaD protein which is a peripheral PSI-associated protein ( Figure 3A ). D1 protein was at about 60% and 75% of maximal levels at time 0 for pine and spruce, respectively, and levels increased more rapidly in spruce than pine, although the difference between species was not significant. Levels of the PsaD protein were around 50% of maximal at time 0 and recovered in a similar manner in both species. For the light-harvesting proteins associated with PSI, we were able to monitor changes in Lhca1, 2 and 4 ( Figure 3B ). Lhca1 showed significant increases throughout recovery in both species, while Lha2 and 4 did not, and there were no species differences in protein abundance throughout recovery (Table 1) . Relative protein abundance at time zero was highest in Lhca4, followed by Lhca2 and then Lhca1 [levels at time 0 as percent of maximal for spruce and pine, respectively, were: Lhca1 (70%, 63%) Lhca2 (78%, 80%), Lhca4 (89%, 88%)]. Tree Physiology Online at http://www.treephys.oxfordjournals.org
For the light-harvesting proteins associated with PSII, we were able to monitor Lhcb1, 2, 4 and 5 ( Figure 3C and D). Lhcb1 and 2, which make up the LHCII trimers, increased significantly throughout the recovery period. Values at time zero were similar in both species [levels at time 0 as percent of maximal for spruce and pine, respectively, were: Lhcb1 (53%, 47%) Lhcb2 (63%, 62%)], with Lhcb2 being retained at higher levels than Lhcb1. For pine, the rate of recovery of Lhcb1 appears slower than that of spruce ( Figure 3C ). In both species Lhcb5 (CP26) did not change throughout the recovery period. In contrast Lhcb4 (CP29) increased significantly throughout recovery in both species, and was also different between species; levels at time 0 for spruce and pine, respectively, were 25% and 60%. The PsbS protein increased significantly during recovery in pine but not spruce, although levels at time 0 were similar in both species (67% and 72% for spruce and pine, respectively, Figure 3E ). In pine PsbS levels increased consistently throughout the recovery period, while in spruce PsbS levels increased after 1 day of recovery but then declined somewhat during the remainder of the recovery period.
Changes in phosphorylation status of photosynthetic proteins during recovery from winter stress
In order to determine whether changes occur in the phosphorylation status of photosynthetic proteins during recovery in the lab, recovery experiments were repeated in January of 2015. Needles were sampled in the field, after 2 h darkness, and branches were collected for recovery on 12 January 2015 when the air temperature was −19.4°C. In order to assess the impact of the growth light environment, needles were sampled from both the north (N) and south (S) facing sides of each tree. Branches were maintained in the lab in low light conditions, and needles were sampled after 1 h and 36 h of recovery at~20°C.
Dark acclimated F v /F m values for both N-and S-facing needles were less than 0.2 at the time of sampling in both species ( Figure 4A ). In N-facing spruce needles there was a significant increase in F v /F m after 1 h of recovery (P = 0.05). For S-facing spruce needles and N-facing pine needles the increase in F v /F m after 1 h of recovery was approaching significance (P = 0.14 and 0.16, respectively), while in S-facing pine needles the increase after 1 h warming was not significant (P = 0.57). After 36 h, spruce needles had recovered to an F v /F m of around 0.6 in both N-and S-facing needles, while for pine the S-facing needles recovered more slowly than the N-facing needles ( Figure 4A ).
For spruce needles the relative phosphorylation of LHCII was highest in the samples collected in the field in darkness (time 0), and by 1 h recovery LHCII phosphorylation was dramatically reduced in both N-and S-facing needles ( Figure 4B ). For pine the S-facing needles maintained relatively high phosphorylation of and after 1 h and 36 h of recovery at room temperature and low light in the laboratory. Data are averages ± SD from branches from three trees (A) or from gels run from three experiments using branches from the three trees (B, C).
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LHCII in darkness and this persisted after 1 h of recovery, with values dropping to about 30% of the dark values after 36 h recovery. In contrast the N-facing needles showed less phosphorylation overall in darkness, and this declined by 1 h recovery ( Figure 4B ) The patterns of phosphorylation were similar for the D1 protein with spruce needles, as well as the N-facing pine needles, showing maximal phosphorylation of D1 in the dark collected winter needles, with phosphorylation dropping significantly after 1 h, and continuing to drop by 36 h recovery ( Figure 4C ). The Sfacing pine needles showed relatively high phosphorylation in the dark-collected winter needles, but the phosphorylation increased after 1 h recovery. Values for D1 phosphorylation were low after 36 h recovery.
Assessment of light-dependent changes in LHCII phosphorylation in summer versus winter conditions
In order to determine whether light-dependent changes in LHCII phosphorylation continue to occur during subzero days in winter, we conducted experiments comparing the relative phosphorylation of LHCII in both pine and spruce needles adapted to lower (N-facing) or higher (S-facing) light intensities in summer and winter conditions. We collected needles from branches after at least 2 h in darkness, at midday for high light, and during late afternoon when no direct sun was hitting the needles for low light measurements. The N-facing needles were never exposed to very high light intensities because of shading by the tree. We monitored temperature, light and chlorophyll fluorescence at the time of sampling ( Table 2) .
The fluorescence readings showed typical responses to both light and temperature (Table 2) . The values for F v /F m were characteristic of unstressed plants in all cases in summer, and were very low during winter, with pine having values around 0.04 for both N-and Sfacing needles, while spruce maintained values in the range of 0.15. Values for ΦPSII were high in low light conditions during the summer, but declined in high light conditions in S-facing needles. In the S-facing needles pine showed lower reductions in ΦPSII at midday, indicating spruce is able to use a larger fraction of absorbed light in photochemistry in high light conditions. During winter, values for ΦPSII were low in all conditions. Interestingly, the N-facing needles showed more pronounced declines in ΦPSII relative to the Sfacing needles, particularly in spruce (Table 2) , and this was also observed in balsam fir (Abies balsamea, data not shown).
Results from western blotting using anti-phosphothreonine antibody revealed typical fluctuations in phosphorylation of LHCII in response to changing light environments during the summer sampling ( Figure 5 , see also Figure S2 available as Supplementary Data at Tree Physiology Online). In both species, and in both N-and S-facing needles, LHCII showed lower phosphorylation in dark-acclimated needles and maximal phosphorylation in low light conditions. In the S-facing needles LHCII phosphorylation was maintained at relatively high levels in high light, with this effect being more pronounced in spruce relative to pine. In the N-facing needles in both species the relative phosphorylation declined to about 40% of the maximal level in high light. During winter the relative phosphorylation of LHCII became less dynamic. In S-facing needles in both species the phosphorylation was relatively similar regardless of light environment with values around 50% of maximal values observed during the summer, although there was quite a bit of variation observed ( Figure 5 ). In the N-facing needles the phosphorylation was maintained at higher levels than in S-facing needles. In spruce LHCII was maintained at high phosphorylation regardless of light, while in pine there seemed to be some decline in phosphorylation in darkness; however, the variation among samples was quite high.
Discussion
Pine and spruce differ significantly in the kinetics of recovery from winter stress
The kinetics of recovery from winter stress upon warming branches in the laboratory demonstrated that pine recovers Table 2 . Needle temperature at the time of sampling, photosynthetic photon flux (PPF) incident on the needles at the time of collection, dark-acclimated F v/ F m and midday/low-light acclimated values of the fraction of absorbed light used in PSII photochemistry (ΦPSII) in south-and north-facing needles of P. strobus and P. glauca collected 16-17 September 2014 (Sept.) and 17 January 2014 (Jan. Tree Physiology Online at http://www.treephys.oxfordjournals.org significantly more slowly than spruce; half recovery times were around three times slower in pine compared with spruce (~78 vs~24 h, respectively), with these half recovery values being similar throughout the winter season (Figure 2A and B). Field measurements during spring recovery confirm that spruce recovers earlier in the spring relative to pine ( Figure 2C ). The artificial recovery experiments reflect responses to abrupt changes in temperature, which although they are more rapid than what occurs naturally, provide some insight into plant responses to the more abrupt changes that are increasingly occurring as a result of climate change (e.g., Coumou and Rahmstorf 2012) . In addition to differences in total recovery time, species differences in the relative utilization of the rapidly reversible versus the slowly reversible component of sustained dissipation were observed. In spruce a rapidly reversible component of sustained dissipation was observed in January both in 2013 and in 2015, although in 2015 it was more pronounced in the N-facing needles. In pine the rapidly reversible component was only observed in N-facing needles in 2015. These data demonstrate that pine relies more upon the slowly reversible component of sustained dissipation, while spruce makes use of both the rapid and slowly reversible components of sustained dissipation earlier in the winter (January) but relies only on the slowly reversible component of sustained dissipation later in the winter season. This is consistent with a previous study showing the extent of utilization of the rapidly reversible component of sustained dissipation is higher in low light conditions, varies among species and decreases later in the winter season (Verhoeven 2013) .
The observed differences between eastern white pine and white spruce in the rate of winter recovery is consistent with observations that pine species recover more slowly from winter stress than other conifers. Another study from Minnesota showed that eastern white pine recovers more slowly than white spruce, balsam fir (A. balsamea) and Taxus cuspidata (Verhoeven 2013) ; a study in Colorado showed that lodgepole pine (Pinus contorta) recovers more slowly than subalpine fir (Abies lasiocarpa, Monson et al. 2005) ; and a study in Finland showed that Scots pine (Pinus sylvestris) recovers more slowly than Norway spruce (Picea abies, Linkosalo et al. 2014) . These differences in spring recovery rate for Pinus species suggest shared mechanistic differences in Pinus relative to other conifers in the ability to reassemble the photosynthetic apparatus in a conformation optimizing photosynthesis upon spring warming. The adaptive significance of these differences is not known, but likely reflects different strategies used to cope with extreme stress, and suggests that pine has evolved a more conservative strategy than other conifers. In any event, the differences in recovery reflect important differences between species in the timing of upregulation of photosynthesis during spring, which has implications for global carbon cycles and ecosystem modeling.
Changes in protein abundance associated with the reversal of sustained thermal dissipation A goal of this study was to further elucidate the changes in the composition of the photosynthetic machinery that are associated with sustained thermal dissipation and its reversal during spring recovery. The organization and structure of photosynthetic components, based on studies using unstressed plants, demonstrate that PSI consists of a monomeric core that binds single copies of the four LhcI proteins (Lhca1-4), while PSII exists as a dimeric supercomplex with two to four copies of trimeric LHCII complexes (consisting of Lhcb1-3) and the minor Lhcb proteins (Lhcb4-6, CP29, CP26 and CP24), which are bound directly to the PSII core dimer complex Boekema 2005, Kouřil et al. 2012) . A recent review summarizes current understanding of the roles of individual PSII light-harvesting proteins (Wobbe et al. 2015) , suggesting some functional differences among the proteins. Of the major LHCII trimer proteins, Lhcb1 is a major component and plays a key role in thermal energy dissipation, while Lhcb2 plays a key role in state transitions (Leoni et al. 2013 , Pietrzykowska et al. 2014 ). The minor light-harvesting proteins (Lhcb4-6, CP29, CP26 and CP24) are thought to play key roles in thermal energy dissipation as well (Andersson et al. 2001 , Miloslavina et al. 2011 . Although less well studied, a role for zeaxanthin-associated thermal dissipation in Lhca proteins of PSI has also been suggested (Ballottari et al. 2014) . A recent study by Kouřil et al. (2016) demonstrated that conifers have lost two of the Lhcb proteins (Lhcb3 and 6) in an evolutionary event that predates the split between conifers and the gnetales. This study indicates that conifers vary in PSII organization relative to other land plants, and suggests that thermal dissipation in conifers does not require Lhcb6 (CP24), which has been shown to be important for thermal dissipation in Arabidopsis (Betterle et al. 2010 ). In our study we were unable to detect either Lhcb3 or Lhcb6 in either conifer, using antibodies purchased from AgriSera, which is consistent with the report by Kouřil and colleagues.
One of the goals of this study was to determine whether the observed differences in recovery rate, in pine and spruce, might correlate with different abundances of key photosynthetic proteins during winter recovery. Interestingly, the only protein that showed differences between species in the kinetics of recovery was Lhcb4 (CP29), which was significantly more reduced in spruce relative to pine. However, a previous study examining seasonal changes in photosynthetic protein abundance in eastern white pine found Lhcb4 to be dramatically reduced in winter (Verhoeven et al. 2009 ). Therefore, it seems unlikely that differences in Lhcb4 abundance explain the differences between species in recovery rate. It is more likely that the species differences in recovery of F v /F m from winter stress reflect differences in PSII core protein abundance (D1 levels). Note that in spruce both D1 levels and F v /F m were restored to maximal values by Day 3, while in pine D1 levels and F v /F m were both about half of maximal values on Day 3 (Figures 2A and 3A) .
It is interesting to note that the kinetics of recovery of the PSI core protein (PsaD) was different from that of the Lhca proteins (Lhca1, 2, 4, Figure 3A and B). In both conifers the level of PsaD was about 50% of maximal at time 0, while the Lhca proteins ranged from 60% to 90% of maximal at time 0. These data are consistent with a study looking at winter acclimation in Jack pine, which found PsaA/B was reduced to around 56% of nonacclimated values while Lhca1, 2 and 4 were retained at levels ranging from 90% to 100% of non-acclimated values (Busch et al. 2007 ). These results suggest that the stoichiometry of PSI and its Lhc proteins may be altered during winter acclimation.
Changes in the relative amounts of the various light harvesting proteins and PsbS during recovery from winter stress can provide insights into which proteins are involved in maintenance of the sustained dissipation that occurs during winter. A comparison of the recovery data reported here, with data from a study examining seasonal changes in photosynthetic protein abundance in eastern white pine and balsam fir (Verhoeven et al. 2009 ), provides insights into protein changes that are consistently observed in response to winter stress. The seasonal study showed more dramatic changes in overall protein abundance when comparing needles from summer to winter, but the relative changes of individual proteins were similar in the two studies. In both studies the LHCII trimer proteins (Lhcb1 and 2) were reduced, although Lhcb2 was retained in higher amounts compared with Lhcb1. The minor light-harvesting protein Lhcb5 (CP26) was retained at higher levels in both studies, while Lhcb4 (CP29) was reduced to fairly low levels. The PsbS protein was retained in relatively high amounts in both studies. Finally, of the Lhca proteins, both studies showed Lhca4 was retained in higher amounts compared with Lhca1 and Lhca2.
The sustained thermal dissipation that occurs in overwintering plants likely represents sustained forms of the dynamic thermal dissipation that occurs in non-stressful conditions (Verhoeven 2014) . Currently there is not a consensus about the mechanism (s) of dynamic thermal energy dissipation (for reviews see Müller et al. 2001 , Jahns and Holzwarth 2012 , Wobbe et al. 2015 , Ruban 2016 ; however, the theory proposed by Holzwarth and colleagues (Holzwarth et al. 2009, Jahns and Holzwarth 2012) aligns well with observations of sustained forms of thermal dissipation in overwintering evergreens (Verhoeven 2014) . These studies, examining the mechanisms of thermal energy dissipation in non-stressful conditions, suggest that there are two quenching sites and likely two mechanisms of thermal energy dissipation that differ in their rate of engagement and disengagement (Holzwarth et al. 2009, Jahns and Holzwarth 2012) . The quenching center Q1, which engages more rapidly, is associated with the major light-harvesting trimers (LHCII) that detach from the PSII reaction center complex and requires acidification of the thylakoid lumen and PsbS, but does not require zeaxanthin. The quenching center Q2, which engages and disengages more slowly, is thought to occur within the minor antennae that remain attached to PSII and to require zeaxanthin, but not PsbS or ΔpH (Holzwarth et al. 2009, Jahns and Holzwarth 2012) . Our data are suggestive that both forms of thermal dissipation are sustained in overwintering evergreens. The retention of LHCII trimer proteins and relatively high abundance of PsbS suggest that the Q1 quenching center is sustained in winter conditions. Our data suggest that the quenching center Q2 may be enriched in Lhcb5 (CP26), which may serve an important role in the sustained form of Q2 quenching. Additionally, the retention of relatively high amounts of the PSI light-harvesting proteins, particularly Lhca4, is suggestive that these proteins also may be involved in sustained thermal dissipation during winter conditions.
Evidence for dark-sustained phosphorylation of LHCII and D1 during winter stress
The experiment examining changes in the phosphorylation status of the photosynthetic proteins during recovery from winter stress showed relatively high dark phosphorylation of both the LHCII proteins and the D1 protein in winter conditions
Tree Physiology Online at http://www.treephys.oxfordjournals.org (Figure 4) . This sustained phosphorylation of LHCII and D1 was retained (or increased) after 1 h of darkness in south-facing pine needles. In contrast, in both sets of spruce needles and in northfacing pine needles both LHCII and D1 had been largely dephosphorylated after 1 h at room temperature.
Sustained phosphorylation of the D1 protein in darkness during winter has previously been reported in Douglas fir (Ebbert et al. 2005) , however LHCII phosphorylation was not assessed in that study. High phosphorylation of both LHCII and the PSII core proteins has not been widely reported in natural systems, as LHCII is typically phosphorylated only in lower light conditions, while the PSII core proteins are phosphorylated only in high light conditions (Rintamäki et al. 1997 , 2000 , Pursiheimo et al. 2003 . The differential phosphorylation of LHCII and PSII is hypothesized to allow for optimal light distribution between the photosystems (Dietzel et al. 2008 , Kargul and Barber 2008 , Tikkanen and Aro 2012 , Goldschmidt-Clermont and Bassi 2015 . A recent review by Tikkanen and Aro (2014) suggests that PSII phosphorylation leads to thylakoid destacking and allows for mixing of PSII and PSI, which can result in increased energy spillover from PSII to PSI. The dephosphorylation of LHCII, which normally occurs in high light conditions, is suggested to limit this spillover as LHCII associates more with PSII in its dephosphorylated form (Mekala et al. 2015) . The observed high phosphorylation of both LHCII and PSII in winter-stressed dark-acclimated conifer needles is similar to artificial 'state 2' conditions described by Tikkanen and Aro, which they speculated might occur in natural stress conditions . These conditions of high LHCII and PSII phosphorylation are suggested to lead to increased excitation energy transfer to PSI as well as increased thermal dissipation and quenching of PSII fluorescence . The retention of relatively high amounts of Lhcb2 in winter conditions, relative to Lhcb1, also suggests an increased role for 'state 2' conditions during winter, as Lhcb2 has been shown to play a key role in state transitions in Arabidopsis (Leoni et al. 2013 , Pietrzykowska et al. 2014 . These results suggest that a component of the process of acclimation to subzero conditions during winter involves retained phosphorylation of both LHCII and the D1 protein, potentially allowing for increased thermal dissipation within PSI via spillover quenching, which has been hypothesized to be in important component of NPQ in evergreen species (Demmig-Adams et al. 2015) .
The difference between pine and spruce in the kinetics of the dephosphorylation of both LCHII and D1 upon warming of the needles is very interesting, as it correlates with differences between the species in the presence of the rapid component to recovery from sustained dissipation. These data are suggestive that rapid dephosphorylation of LHCII and D1 upon warming winter-stressed needles may play a role in the rapid recovery observed in spruce, but not pine needles.
Do conifers undergo light-dependent changes in LHCII phosphorylation during subzero conditions in winter?
A final goal of this study was to determine whether light-dependent changes in LHCII phosphorylation continue to occur in response to changing irradiance in subzero temperatures during winter. Given that the process of phosphorylation/dephosphorylation requires enzymatic activity, we predicted that there would be no light-associated changes in LHCII phosphorylation in subzero conditions, and that the phosphorylation status of LHCII would be similar to those in high light conditions, as this would allow the plants to be 'ready' for their highest light exposure on cold winter days. Our results support this prediction for the most part. For both pine and spruce, in the south-facing needles where light fluctuations were more pronounced, there was no change in phosphorylation status with changes in light on a cold winter day, and the needles were maintained at an intermediate phosphorylation status that was similar to high light conditions observed in the summer ( Figure 5 ). In northfacing needles, where light exposures were lower overall, the spruce needles showed no fluctuation in LHCII phosphorylation with light, and the needles maintained LHCII-P at levels similar to that of low light conditions in summer. This makes sense given that the north-facing needles had lower overall light exposure during winter as the sun angle is markedly lower, and the light levels measured on the day of sampling at midday were similar in the north-facing needles to the low light conditions during the summer sampling (Table 2 ). In pine the LHCII-P levels were retained at levels similar to high light conditions during summer, however there appeared to be some increase in phosphorylation in high light conditions, although the variation among samples was high.
It is noteworthy that the relative phosphorylation of LHCII in needles collected from high light conditions in the summer was quite high, with spruce maintaining levels that were around 75% of low light levels in south-facing needles when light exposures were >1000 μmol photons m , while pine maintained levels of about 45% of low light levels in similar light exposure. This high phosphorylation of LHCII in high light conditions is consistent with a previous study (Verhoeven et al. 2016) and demonstrates that there is some species variation in the light-dependent regulation of LHCII dephosphorylation in high light conditions. The maintenance of LHCII-P in high light may represent a strategy used by slower growing plants, which are often sink-limited, allowing for increased spillover quenching in PSI, which may be an important component of NPQ in evergreen species as discussed above (Demmig- Adams et al. 2015) . The retention, during subzero conditions, of a phosphorylation status consistent with high light conditions observed in this study likely facilitates safe thermal dissipation of excessive light at all times during winter conditions.
Conclusions
We have demonstrated that white pine and white spruce have significantly different kinetics of recovery from winter stress, with pine recovering about three times more slowly than spruce in artificial warming experiments, which is reflected in a later date of recovery monitored upon spring warming. Additionally, spruce needles had both a rapid and a slowly reversible component of sustained thermal dissipation, while pine needles had only the slowly reversible component when measured in January, indicating differences in utilization of the two components of sustained dissipation in the species. Species differences in recovery kinetics from winter stress reflect important differences between species in the timing of upregulation of photosynthesis during spring, which is important to consider in ecosystem modeling.
Changes in abundance of photosynthetic proteins throughout recovery suggest that Lhcb5 (CP26) and the PsbS protein are retained in higher abundance than other Lhcb proteins and may be important in maintaining sustained thermal dissipation during winter. Additionally, Lhca proteins were retained in relatively high amounts during winter, particularly Lhca4, potentially also contributing to sustained dissipation. Both pine and spruce retained high levels of phosphorylation of LHCII and D1 in darkness during winter, which is indicative of increased connectivity between LHCII and PSI in conifers during winter conditions and is suggestive that increased spillover quenching may occur during winter, potentially indicating a role for sustained thermal dissipation in the Lhca proteins associated with PSI, as well as in PSII. Pine and spruce differed in the kinetics of the dephosphorylation of both LHCII and D1 upon warming, suggesting the rate of dephosphorylation of LHCII and D1 may be important in the rapid component of recovery from winter stress. Additionally, our data indicate that lightdependent changes in LHCII phosphorylation do occur on subzero winter days; however, needles are retained in a conformation reflecting their highest light exposure, likely allowing for maximal thermal dissipation in these stressful conditions.
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